The self-assembly of polymeric open networks from di4erent Ag(I) salts and the potentially tetradentate ligand hexamethylenetetramine (hmt) has revealed a variety of possible structural motifs, depending on the reagent ratios and the counterions, that are discussed in comparison. Three new Ag(I) coordination polymers are here described, namely [Ag 2 ( 4 -hmt)(Tos) 2 ] (Tos ‫؍‬ p- 
INTRODUCTION
The deliberate design of new nanoporous materials based on polymeric coordination compounds (1), of interest for their potential properties in molecular selection, ion exchange, and catalysis, requires the use of suitably tailored building blocks. Di!erent strategies have been employed, involving either coordinative interactions [with neutral (2) or anionic (3) ligands] or hydrogen bonding (4). In the former case the use of polydentate bases of suitable geometry [trigonal (5), square planar (6), tetrahedral (1a,7)] introduces into the frameworks also organic centers in addition to the metallic ones, which can give rise to new and variated topological types. It is also possible that polydentate ligands assembled with digonal metal centers (¸}M}m etallic synthons, like biconnected silver ions) can entirely dictate the topology of the array (8) . In this concern the self-assembly of the potentially tetradentate ligand hexamethylenetetramine (hmt) with the coordinatively versatile silver ions can produce interesting architectures, paralleling the supramolecular organic chemistry of adamantyl templates with di!erent synthons (9, 10) . Some possible target structural motifs for Ag}hmt systems are those illustrated in Scheme 1, which include the hexagonal layers I and II and the supertetrahedral networks III and IV. Indeed, superdiamond frames like III and IV have been observed in two species containing the related adamantanoid cage anion (Ge S )\, namely in [Mn(Ge S )](NMe ) (11) and [Cu (Ge S )](NEt ) (12) , respectively. Also wurtzite-like nets can be considered as target structures, taking into account that Ermer has recognized this topology in the hydrogen bonded network of the [NH (hmt)](BF ) adduct (13) .
Working on these lines we have reacted hmt with di!erent Ag(I) salts of poorly coordinating anions under di!erent conditions and we have already reported on many novel networks, showing interesting topologies (14}17). Though no supertetrahedral species was isolated, we have continued our investigations in order to get more information on these systems and we report here on three novel polymeric SCHEME 1
species, namely [Ag ( -hmt)(Tos) ] (Tos"p-toluenesulfonate) (1), [Ag ( -hmt) (CF SO )(H O)](CF SO ) ) H O (2), and [Ag ( -hmt) (H O) ](PF ) (3)
, containing di!erent types of in"nite layers that form extended three-dimensional architectures via supramolecular interactions, like } stackings or hydrogen bonds. A survey of all the structural motifs as yet found for Ag}hmt systems is also reported, with a brief comparative discussion.
EXPERIMENTAL
All the reagents and solvents employed were commercially available high-purity materials (Aldrich Chemicals), used as supplied, without further puri"cation. Elemental analyses were carried out at the microanalytical laboratory of this university. IR spectra were collected on a Perkin-Elmer FT-IR Paragon 1000 spectrometer. Thermal analyses were performed on DSC 7 and TGA 7 Perkin-Elmer instruments with a heating rate of 103C/min under nitrogen #ux. X-ray powder di!raction spectra were collected on a Philips PW 1820 vertical-scan di!ractometer.
Synthesis of [Ag 2 ( 4 -hmt)(¹os) 2 ] (¹os"p-toluenesulfonate) (1). Compound 1 was obtained by layering over a solution of hexamethylenetetramine (0.040 g; 0.28 mmol) in CH Cl (3 ml) a solution of silver tosylate (0.78 g, 0.28 mmol) in CH CN (3 ml). The solution was left for some days in the dark, a!ording a white powder which was recovered by "ltration, washed with CH Cl , and dried in the air (yield ca. 80%). The nature of this material as pure 1 was con"rmed by X-ray powder di!raction data compared with the spectrum calculated from the single-crystal X-ray structure. 
. On a solution of hexamethylenetetramine (0.0622 g, 0.44 mmol) in CH Cl (4 ml) we have layered a solution of AgCF SO (0.114 g, 0.44 mmol) in ethanol (4 ml). The solution, left to slowly evaporate for many days in the dark, gave a white precipitate of 2, which was "ltered, washed with ethanol, and dried in the air (yield '80%). The white powder was con"rmed as pure 2 by X-ray powder di!raction data compared with the spectrum calculated from the single-crystal X-ray structure. Small needle-shaped colorless single crystals of 2, suitable for structural analysis, were obtained by slow evaporation of more diluted solutions of AgCF SO and hmt in molar ratio 1 : (3) . Compound 3 has been isolated as a minor product from the reaction of AgPF in i-propanol with hmt in CH Cl in molar ratio of 2 : 1. Slow evaporation (almost to dryness) of these mixtures gave few #at colorless crystals of 3, together with a dominant amount of the already described species [Ag(hmt)] (PF ) ) H O (14) . The nature of 3 has been established by single crystal X-ray analysis.
Crystallography. Colorless crystals of compounds 1+3 were mounted at room temperature (293 K) under a coating of cyanoacrilic glue on an Enraf-Nonius CAD-4 di!ractometer, and 25 intense re#ections having a value in the range 9.0}12.03 were centered using graphite-monochromated MoK radiation ( "0.71073 A > ). Least-squares re"nement of their setting angles resulted in the unit-cell parameters reported in Table 1 . Crystal data and details associated with data collections and structure re"nements are also given in Table 1 . An -scan mode was used with a scan interval of 1.13 for 1 and 0.83 for 2 and 3, with a range of 3}253 for all species. Intensities were checked by monitoring three standard re#ections every 3 h; a decay of 2.5% was observed for 1, while no signi"cant crystal decay 
was observed in 2 and 3. The di!racted intensities were corrected for Lorentz, polarization, decay, and background e!ects. An empirical absorption correction was applied, based on -scans of three suitable re#ections having values close to 903 ( 0}3603, every 103). The structures were solved by a combination of direct methods (SIR97) (18) and di!erence Fourier methods and re"ned by full-matrix least-squares on F , using all re#ections. One of the PF\ anions in 3, lying in a special position on a twofold axis, was found disordered and was re"ned using a model involving two octahedra sharing the same apical F(21) atoms and with double equatorial #uorines of di!erent weight, centered on the unique P atom. Anisotropic thermal displacement parameters were assigned to all nonhydrogen atoms in 1 and 3 (except for the four disordered #uorines), and only to the Ag atoms and the tri#ate anions in 2. The hydrogen atoms were located on calculated positions and introduced in the "nal stages of re"nement as "xed atom contributions riding on their parent atoms. All calculations were performed using SHELXL-97 (19) . Final atomic coordinates for compounds 1+3 are given in Tables 2}4. Molecular drawings were produced with the SCHAKAL-97 program (20) .
RESULTS AND DISCUSSION
Our previous investigations on the self-assembly of hmt and the salts AgPF (14}16), AgSbF (15) , and AgClO (17) have revealed some trends in this chemistry: (i) the reactions lead often to mixtures of derivatives and the "rst product formed (favoured by kinetic factors) can give further reactions on standing in the solution; (ii) the counterions, the molar ratio of the reagents, and the solvent system play a fundamental role in orienting the self-assembly; (iii) the silver ions show a variety of coordination modes and the hmt ligands can behave as bidentate, tridentate, or tetradentate. All these factors make quite di$cult any project of deliberate design of networked materials. Nevertheless, the interesting structural results already obtained and the hope of getting a better insight into the self-assembly of these systems have prompted us to attempt reactions of hmt with other silver salts, containing larger counterions, as p-toluenesulfonate (tosylate) and tri#ate.
Silver p-toluenesulfonate has been reacted at room temperature with hmt in di!erent ratios, from 2 : 1 to 1 : 1, in CH CN/CH Cl a!ording in all cases as unique product the polymeric compound [Ag ( -hmt)(Tos) ] (1). The (8) product is air and light stable for long times and almost insoluble in the common organic solvents. Thermal analyses (DSC and TGA) have shown that the polymeric network is stable up to ca. 2303C and starts to decompose at this temperature after an exothermic peak.
In a similar way we have prepared compound 2 by reacting silver tri#ate in ethanol with hmt in CH Cl , using di!erent molar ratios. The product precipitates as very small needle-shaped crystals. As for 1, we have ascertained the pure nature of the bulk product by X-ray powder diffraction methods. The thermal behavior of 2 is similar to that of other previously reported Ag}hmt polymeric species containing solvated water molecules that lose endothermically the water content at ¹(1603C and start to decompose above 2003C after an exothermic peak (14, 17) .
Further investigations on the reactivity of AgPF , that has already a!orded four di!erent Ag}hmt species, have also been carried out under variated reaction conditions. A solution of the silver salt in i-propanol was reacted with hmt in CH Cl in the molar ratio 2 : 1. Evaporation almost to dryness gave as main product the already known compound [Ag(hmt)](PF ) ) H O (14) . Examination under the microscope of samples of the product revealed the presence of few crystals of a new species, identi"ed by single crystal X-ray analysis as [Ag (
. Unfortunately we have been unable to "nd a synthetic route for 3 or to get more information on this species.
The structural investigations have revealed that all these compounds are polymeric species and are discussed below. Selected bond distances and angles for 1+3 are given in Table 5 .
Structure of [Ag 2 ( 4 -hmt)(¹os) 2 ] (¹os"p-toluenesulfonate) (1). The crystal structure of 1 consists of two-dimensional undulated [Ag ( -hmt)] layers of square meshes, with four-connected hmt ligands at the nodes of the framework and the silver ions acting only as spacers (see Fig. 1 ). Considering the rigid tetrahedral bonding geometry of the hmt ligands, the square grid can be obtained thanks only to the nonlinear coordination at the Ag(I) ions. The metal atoms coordination sphere is highly distorted tetrahedral, involving two N atoms of two hmt molecules, one oxygen atom of an anion, and a -bonded aromatic ring of another close anion. This interaction of silver [Ag}C 2.688(8) A > ] (14) 2.407 (8) N (21)}Ag (2)}O(1W) 96.1(3) O(1W)2O (21) 2.762 (13) N (12)}Ag (2)}O(1W) 112.1(3) O(2W)2O (22) 2.596 (18) N (21)}Ag (2)}N (14) 118.3(3) N(12)}Ag(2)}N (14) 112.8(3) (1W)}Ag(2)}N (14) 95.7(3)
Compound 3 Ag(1)}N (2) 2.265 (2W) 3.019 (14) falls within the limits observed in many recently reported Ag}aromatic complexes (21) . In each square mesh two anions are disposed in such a way to cross-link the silver ions on the opposite edges, as shown in Fig. 1 (bottom (22), containing two nonequivalent Ag(I) spacers, with trigonal and T-shaped coordination geometries. Both polymeric species can be described as layers of tetrahedra sharing four vertices, but with di!erent con"gurations (see Fig. 2 ), which can be referred to the prototypical structures of HgI (red) and SrZnO , respectively, according to Wells (23a) .
The layers of 1 stack along the crystallographic c axis, with a separation of 1/2 c [14.23 A > (Fig. 3) ]. The aromatic rings of the anions of each layer show } interactions with the rings in the adjacent (upper and lower) layers (stacking distance 3.7 A > , o!set 2.2 A > ). (3) . Also the structure of compound 3 is composed of two-dimensional layers of hexagonal meshes, but at di!erence from 2, each hexagon presents six three-connected hmt ligands at the vertices, joined by six two-connected silver ions acting only as spacers (see Fig. 7 ). The hexagonal edges are, therefore, quite longer than in 2 (on average 7.17 A > vs 3.87 A > ). There are two di!erent types of silver ions: Ag(2) shows a symmetry imposed digonal coordination with two hmt ligands This di!erence is mainly responsible of the marked deviation from planarity of the layers, that can also be described as a system of parallel helical chains, hmt}Ag(1)}hmt} Ag(1)}hmt, extending along the b crystallographic axis, joined together by the Ag(2) spacers.
The layers are interconnected via hydrogen bonds involving the coordinated water molecules, as shown in Fig. 8 . The resulting 3D three-connected array is schematically Comments on the structural and topological properties of the Ag}hmt systems. Many Ag}hmt species have been reported in the literature, especially in recent times, and are listed in Table 6 . These exhibit a variety of structural types, which are schematically illustrated in Scheme 2, that include a "nite cage, a polymeric ribbon, three types of 2D layers and di!erent examples of 3D networks, all noninterpenetrated. A comparison of all these results can enlighten some common structural properties and can be helpful for a rationalization of the self-assembly processes. We are particularly interested to those species that contain poorly coordinating anions, being not directly involved in networking, but either free or weakly bonded, without topological relevance. This is not the case for the last three species (n}p), which will not be discussed in detail. We have included in Scheme 2 only the 3D frame of compound n, which is sustained by Ag( -MeCO ) Ag bridges (dotted lines), because of its interesting topology.
The list of Table 6 shows that di!erent stable frames are obtained on varying the counterion and/or the Ag/hmt ratio. For example, with AgPF "ve di!erent species have been isolated, exhibiting Ag/hmt ratios in the range from 0.833 : 1 to 1.8 : 1, that illustrate the complex nature of the reaction processes. Other salts that have allowed the isolation of more than one product are AgNO and AgClO .
These two salts give 1 : 1 adducts (a and c) that contain quite similar 2D hexagonal layers, while in the presence of an excess of silver ions, 3D frameworks with hmt ligands, all four-connected, are recovered in both cases (b and d), but showing a di!erent stoichiometry. The equimolar Ag/hmt step seems less in#uenced by the anion (see also the case of the tri#ate, l), probably because the 2D layers obtained present interlayer regions that can accomodate with poor selectivity the counterions. Note, however, that an Ag/hmt ratio of 1 : 1 does not ensure the formation of a 2D layered polymer, as shown by the 1D ribbon structure of k and the 3D frame of f (both containing additional solvated water molecules). Table 6 shows that hmt acts as a tetradentate ligand in 50% of the cases and that it plays in all the networks the role of a node, while the silver ions are often only spacers. This con"rms that the choice of target structural motifs like II and IV of Scheme 1 in the engineering of these polymers is reasonable, and, in fact, compound 3 contains type II extended layers. On the other hand, the 2D nets of j and m and the 3D frame of b were rather unpredictable, being their reference topological types associated to the presence of square planar, rather than tetrahedral, centers (see Scheme 2). Indeed, many square grid layers have been assembled by using pseudo-square planar metal centers with linear bidentate rod-like ligands, and a 3D (interpenetrated) network of the CdSO topology (like b) has been recently reported, containing Cu(II) pseudo-square planar centers and the rigid spacer ligands bis(4-pyridyl)ethene (28) . Structures like those of j, m, and b can be obtained thanks only to the versatility of the silver ions, which can assume coordination geometries spanning with continuity all the situations, from the ideal digonal, to the trigonal, to the tetrahedral one. The observed deviations from linearity are due to the (rather weak) interactions of the Ag(I) ions with the anions or solvent molecules, that, though they do not have a topological role, seem to be of fundamental importance in orienting the formation of the polymeric array.
Many of the Ag}hmt systems contain as constituting units the basic hexagons of I or II in Scheme 1, but no example of the superdiamond nets III or IV has been observed. Compounds having the correct [Ag(hmt)] stoichiometry for giving III (a, c, f, k, and l) show the preference for 2D or 3D structures with lower connectivity (all three-connected). This is very probably due to the fact that the adamantanoid cages of III (with edges of 3.7}3.9 A > ) are too small to contain the counterions, as we have already outlined on discussing the structure of f (Scheme 2), that can be ideally derived by III on breaking a speci"c set of Ag}N bonds. The lack of a structure like the diamondoid IV (with ideal edges of ca. 7.6 A > ) in the three cases showing the right [Ag (hmt)] composition (b, j, and m) can be in part explained taking into account the above-mentioned deviations from linearity of the hmt}Ag}hmt bridges. Note, however, that the network in compound d represents a sort of intermediate situation between III and IV, containing hexagonal layers (I) that are not directly superimposed (as in III) but are connected via Ag(I) spacers.
Taking into account that subtle factors can drive the self-assembly processes of these Ag}hmt systems into di!erent directions, the obtainement of new types of networks (possibly also of IV) cannot be ruled out on further changing the reaction conditions.
